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The calcium-binding protein S100A4 induces the met-
astatic phenotype in rodent models of breast cancer,
and its expression strongly correlates with reduced
survival in human breast and bladder cancer. We have
established an orthotopic model of bladder cancer by
injecting a cell line derived from a carcinogen-in-
duced rat bladder tumor into the muscular wall of
syngeneic rats. MYU-3L cells produce rapidly grow-
ing, invasive tumors in the bladder wall but they fail
to metastasize. Transfection of MYU-3L cells with a
plasmid vector directing overexpression of the
S100A4 gene generates variants in which S100A4 ex-
pression is elevated by up to sevenfold in comparison
with the untransfected cells. Variants overexpressing
S100A4 produce primary tumors at similar frequen-
cies and latencies to the parental cell line, a signifi-
cant number of which metastasize to the para-aortic
lymph nodes or lungs. Expression of S100A4 protein
in the primary tumors was heterogeneous, but was
stronger and more consistent in the metastases, sug-
gesting that transfectants overexpressing S100A4 pos-
sess an enhanced ability to form metastatic lesions.
We conclude that overexpression of S100A4 can in-
duce the metastatic phenotype in this rodent model of
bladder cancer. Taken together with the results from
our parallel studies of human bladder cancer, these
data suggest a significant role for S100A4 in bladder
cancer metastasis and identify a potential new target
for systemic therapy in patients with this disease.
(Am J Pathol 2002, 160:693–700)

Transitional cell carcinomas of the bladder vary greatly in
their capacity to invade adjacent stroma resulting in local
progression, and to disseminate widely giving rise to
distant metastases. At presentation, �25 to 30% of blad-
der tumors are classified as muscle-infiltrative tumors
that, by definition, have already demonstrated the ability
to invade and are associated with a significant risk of

metastasis (30 to 60%). Patients with these tumors have a
significantly reduced 5-year survival rate (40%), often
correlated to the development of metastases after the
failure of conventional treatment strategies such as rad-
ical surgery or radiotherapy. Once a diagnosis of meta-
static bladder cancer is made, the outlook is grave with a
median survival of only 12 months for this group of pa-
tients. The molecular mechanisms that promote metasta-
sis of transitional cell carcinoma are poorly understood.

One gene product that has been strongly associated
with the metastatic phenotype is the calcium-binding pro-
tein S100A4. Expression of S100A4 is associated with
metastasis and poor survival in human bladder cancer.1

Moreover, expression of S100A4 has been correlated
with poor survival and development of metastasis in other
human solid carcinomas, including those of the breast,2

colon,3 and stomach.4 Overexpression of S100A4 has
been shown to induce the metastatic phenotype in ex-
perimental rodent models of breast cancer,5–9 whereas
down-regulation of S100A4 using anti-sense or ri-
bozymes has been shown to reduce metastatic potential
in the Lewis lung carcinoma model10 and in a rodent
model of osteosarcoma.11

Although expression of S100A4 has been associated
with the metastatic phenotype, the function of this protein
and its role in the metastatic process is unclear. S100A4
is a small, 9-kd calcium-binding protein closely related to
S100 protein, that has been reported to co-localize with
the cytoskeletal proteins, F-actin and non-muscle myo-
sin,5,12,13 and another member of the S100 protein family,
S100A1.14 S100A4 has been reported to prevent the
phosphorylation of non-muscle myosin by protein kinase
C.15 Therefore, it is possible that S100A4 can regulate the
function of cytoskeletal proteins, or impinge on signal
transduction pathways ultimately controlling cell move-
ment or adhesion. Indeed, mouse S100A4 has been
shown to increase motility when transfected into mouse
mammary adenocarcinoma cells.16 Mouse S100A4 has
also been shown to induce down-regulation of E cadherin
expression in mouse mammary carcinoma cells.17 E cad-
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herin is an important epithelial cell-cell adhesion mole-
cule whose expression is down-regulated in many inva-
sive solid carcinomas, including bladder cancer.18,19

However, it is also possible that the S100A4 protein is
involved in invasion; when transfected into osteosarcoma
cells, an anti-S100A4 ribozyme has been shown to re-
duce the expression of matrix metalloproteinases and
induce expression of inhibitors of these enzymes, result-
ing in reduced invasive potential.11 The mechanism of
activation of S100A4 gene expression is unclear, but
hypomethylation of the gene has been correlated with
increased expression in rodent mammary and human
colon carcinoma cell lines.20

Although expression of S100A4 is associated with me-
tastasis and poor survival in human bladder cancer, it is
not known whether S100A4 plays a direct role in the
induction of the metastatic phenotype in bladder cancer.
To investigate this, we have established an orthotopic
model of bladder cancer using inbred rats. We now re-
port that overexpression of S100A4 in an invasive but
nonmetastatic rat bladder cancer cell line, when injected
into the bladder wall, yields metastatic variants.

Materials and Methods

Animals and Cell Culture

Male Fisher 344 rats (4 weeks old) were purchased from
Harlan UK Ltd. (Banbury, Oxon, UK). Experiments were
approved by the Local Ethics Committee and performed
under project license PPL 60/2610. All cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum, penicillin, and streptomycin in an atmo-
sphere of 95% air, 5% CO2 at 37°C.

Transfection of MYU-3L Cells

MYU-3L cells (a generous gift from Prof. R. Oyasu, North-
western University, Chicago, IL) were established from a
tumor that developed in a heterotopically transplanted
bladder treated with normal rat urine after MNU initia-
tion.21 These cells produce invasive but nonmetastatic
tumors when injected subcutaneously into nude mice21

or instilled into heterotopically transplanted bladders in
nude mice.22 The plasmids pSV2neo23 and pSV2neo-
S100A4 were amplified in Escherichia coli and purified
using a Qiagen Endotoxin-Free Plasmid Midiprep kit
(Qiagen, Crawley, W. Sussex, UK). Ten �g of supercoiled
plasmid were transfected into MYU-3L cells using a cal-
cium-phosphate mammalian transfection kit (Stratagene,
Amsterdam, the Netherlands). Colonies were visible after
2 to 3 weeks. Colonies were picked using sterile cloning
rings and expanded to form sublines.

Northern Blotting

Cells were grown until 50 to 70% confluent and total RNA
was isolated using an RNeasy kit (Qiagen). RNAs were
separated by electrophoresis through agarose gels con-
taining formaldehyde, transferred to nitrocellulose filters

(Hybond N�, Amersham, Little Chalfont, Bucks, UK),
and incubated with a rat S100A4 cDNA under hybrid-
izing conditions as described previously.5 After autora-
diography, the filter was stripped according to the man-
ufacturer’s protocol and reprobed with a constitutively
expressed cDNA (rat glyceraldehyde-3-phosphate dehy-
drogenase). The levels of S100A4 mRNA were estimated
from microdensitometry scans of the autoradiographs
and normalized to the level of constitutively expressed
glyceraldehyde-3-phosphate dehydrogenase mRNA.
The levels are expressed relative to the parental MYU-3L
cell line.

Tumorigenicity Studies and Metastatic Assays

Orthtopic implantation of cells into the bladder wall was
performed essentially as described by Dinney and col-
leagues.24 Cells were given fresh medium 24 hours be-
fore harvesting with trypsin-ethylenediaminetetraacetic
acid. Harvested cells were washed twice with 10 ml of
phosphate-buffered saline (PBS), and resuspended in
PBS at a concentration of 2 � 107 cells/ml. Rats were
anesthetized with isoflurane and placed in the supine
position. A lower midline abdominal incision was made,
and the bladder was exteriorized. Tumor cells were in-
jected into the wall of the bladder (the injection volume
ranged from 0.05 to 0.1 ml). A well-localized bleb was the
sign of a technically satisfactory injection. The abdominal
wall was sutured and the rats were given a single dose of
postoperative analgesic (5 mg/kg carprofen, Rimadyl;
Pfizer, Sandwich, UK). Rats were fed with a commercial
pelleted diet (R & M no. 3, SDS Ltd., Whitham, UK) and
tap water ad libitum. Rats were monitored on a daily basis
for adverse effects and signs of tumor development.
Tumors were detected by the presence of hematuria and
palpation. The animals were culled and a full necropsy
performed when any of the following were evident: rapid
loss of body weight of 10% maintained for 72 hours,
immobile/lethargic behavior, lack of response to gentle
stimuli, tented skin tone, labored respiration, or uncon-
sciousness. At necropsy, primary tumors in the bladder,
lungs, liver, lymph nodes, gonads, kidneys, spleen, and
any other tissues of abnormal appearance were fixed in
formalin, processed for histology, and embedded in par-
affin wax. The carcasses were X-rayed to screen for
potential bony metastases. Sections of the primary tumor
and at least five sections of all other tissues from different
levels of the tissue block were stained with hematoxylin
and eosin to screen for potential metastases.

Immunocytochemistry

Sections were rehydrated through a series of graded
alcohols and incubated with hydrogen peroxide in meth-
anol to remove endogenous peroxidase activity. After
incubation with 10% (v/v) normal swine serum in PBS/1%
(w/v) bovine serum albumin for 30 minutes, sections were
incubated with a rabbit polyclonal antibody to human
recombinant S100A4 (DAKO, Ely, UK). This antibody has
been shown to be specific for S100A4 by Western blot-

694 Levett et al
AJP Fenruary 2002, Vol. 160, No. 2



ting and gives the same results as a polyclonal antibody
to rat S100A4 that cross-reacts with human S100A4 on
both Western blots and immunocytochemistry.2 Incuba-
tion of antiserum was performed at a dilution of 1 in 400
in PBS/1% bovine serum albumin overnight at ambient
temperature. Bound antibody was detected using biotin-
conjugated swine anti-rabbit immunoglobulins and the
streptABC kit (DAKO) and Sigma fast diaminobenzidine
tablets (Sigma, Poole, UK). Ten fields from each slide
were examined independently by two observers for the
number of carcinoma cells showing positive staining and
intensity of immunostaining (negative, 0; weak, 1; or
strong, 2), and scored out of 20 using the formula: stain-
ing index � staining intensity � % of positive carcinoma
cells/10. In a small number of cases, in which the staining
index scored by the two observers differed by more than
5, the section was rescored.

Growth Assays

Population doubling times were measured by plating 5 �
103 cells in 96-well plates in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, penicillin, and
streptomycin, and counting six replicate wells every 24
hours by the (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide; thiazolyl blue) (MTT) assay. The
natural logarithm of absorbance at 540 nm was plotted as
a function of time and the doubling time was calculated
using the following formula: number of doublings per
hour � lny2 � lny1/ln2/x2 � x1, where x1, y1, and x2, y2

were two points on the steepest part of the plot.
The response to transforming growth factor (TGF)-�

was measured by plating 5 � 103 cells in 96-well plates
in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum, penicillin, and streptomycin, and either no
TGF-� (control), 0.5, 1.0, or 5.0 �g/ml recombinant TGF-�
(R and D Systems, Abingdon, Oxon, UK). After 4 days,
the cell numbers in six replicate wells were compared
using the MTT assay.

Motility and Invasion Assays

1 � 104 cells in RPMI 1640 medium were added to a
prewetted Matrigel cell culture insert (Becton Dickinson,
Oxford, UK). Serum-free medium (800 �l) was added to
the corresponding well of a companion plate. After 24
hours, the noninvading cells were removed from the up-
per surface of the membrane by scrubbing with a prewet-
ted cotton bud. The membrane was fixed in ice-cold
methanol for 1 hour and stained with Mayer’s hematoxy-
lin. The membrane was cut out and mounted in DPX.
Twenty fields were counted at �200 magnification. Ex-
periments were performed in triplicate. A similar proce-
dure was used for motility assays, except inserts contain-
ing 8-�m diameter polyethylene terephthalate filters
(Becton Dickinson) were used instead of Matrigel, and
RPMI 1640 medium supplemented with 10% fetal bovine
serum was placed in both chambers.

Results

Transfection of MYU-3L Cells

MYU-3L cells were separately transfected with pSV2neo-
S100A4 and pSV2neo plasmids. Geneticin-resistant col-
onies were visible after 7 to 10 days. After 3 weeks of
selection in medium containing geneticin, 14 colonies of
cells transfected with pSV2neo-S100A4 were ring-cloned
and expanded into cell lines. These were termed “MYU-
C1 to -C14.” In the pSV2neo transfection experiment, all
of the colonies were pooled; this pool was termed “MYU-
plasmid.” The relative level of expression of S100A4
mRNA in the clones transfected with S100A4 to the pa-
rental cell line varied from 1.2 to a maximum of 6.8 (Figure
1 and Table 1). The parental MYU-3L cells were predom-
inantly elongated in morphology (Figure 2A) and cells
cultured from a primary tumor produced by these cells
(MYU-P) were even more elongated (Figure 2C). In con-
trast, the morphology of the S100A4-overexpressing cells
contained a much higher proportion of epithelioid-like

Table 1. Expression of S100A4 by Parental MYU-3L Cells
and Transfected Cell Lines in Vitro and in Vivo

Cells* S100A4 mRNA*

Immunocytochemical score
for S100A4 protein in

primary tumors†

MYU-3L 1 1.7 � 0.4
MYU-C6 1.2 1.4 � 0.6
MYU-C10 1.4 ND
MYU-C8 2.2 ND
MYU-C2 3.4 6.7 � 1.1
MYU-C7 4.5 6.9 � 0.7
MYU-C14 6.8 9.0 � 1.4

*Ratio of S100A4 mRNA to that in untransfected MYU-3L cells
obtained after normalization for different GAPDH mRNA levels
(Materials and Methods).

†Ten fields from each slide were examined independently by two
observers for the number of carcinoma cells showing positive staining
and intensity of immunostaining (negative, 0; weak, 1, or strong, 2), and
scored out of 20 using the formula: immunocytochemical score �
staining intensity � % of positive carcinoma cells/10.

Figure 1. Expression of S100A4 mRNA by normal and transfected cell lines.
Ten �g of total RNA were subjected to electrophoresis in gels containing
formaldehyde, blotted onto nitrocellulose filters, and hybridized with radio-
labeled cDNAs corresponding to rat S100A4 (top) or rat glyceraldehyde-3-
phosphate dehydrogenase (bottom). The different lanes were hybridized
with RNA from MYU-3L parental cells, S100A4-transfected cells (MYU-C2, C7,
C6, and C14), or control (CON) MYU-3L cells transfected with pSV2neo
(MYU-plasmid cells).
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cells with highly ruffled plasma membranes and blebs
(Figure 2B).

An Orthotopic Model of Bladder Cancer:
Incidence and Pathology of Tumors Produced
by MYU-3L Cells

Injection of MYU-3L cells into the bladder produced pal-
pable tumors in 15 of 15 (100%) rats with a mean latent
period of 23 days. Hematuria was noted in all of these
rats; the mean time to first detectable hematuria did not
differ significantly from the latent period (Table 2). In two
rats, the presence of hematuria was intermittent. At nec-
ropsy, all of the rats were found to have large primary
tumors in the bladder of size 9.4 � 1.8 cm3 with necrotic
centers. Twelve of 15 tumors were confined to the blad-
der, 1 tumor had invaded the ureter, and 2 tumors had
shed cells into the peritoneal cavity with multiple small
seeds of �3 mm3 present on the abdominal wall and
omentum. In one of these rats, a seed was evident on one
lobe of the liver; histological examination showed that this
seed had invaded into the liver from the periphery. Bilat-
eral hydronephrosis was found in four rats, and unilateral
hydronephrosis in a further three rats. In two rats, the
tumors had adhered to the suture site. On histological
examination, all of the tumors were found to consist of
undifferentiated spindle cells with highly pleiomorphic
nuclei. Local invasion of muscle and/or fatty tissue was
evident in all of the tumors. No metastatic lesions were
detected in serial sections of the lungs, draining lymph
nodes, or other tissues in any animals. On X-ray of the
carcasses, no bone metastases were found (Table 2).

Cells were cultured from a primary tumor produced by
the parental MYU-3L cells. These cells were more spin-
dle-shaped in morphology than MYU-3L cells before pas-
sage in vivo (Figure 2C). These cells produced tumors in
9 of 10 (90%) rats with a shorter latent period and hema-
turia was detected earlier than in rats injected with the
parental cell line (P � 0.05; Mann-Whitney U test). How-
ever, consistent with the parental line, no metastases
were detected in any organ examined (Table 2).

Incidence and Pathology of Tumors Produced
by MYU-3L Cells Transfected with S100A4 DNA

Cells transfected with pSV2neo plasmid (MYU-plasmid)
and two sublines of cells transfected with pSV2neo-
S100A4 but with less than fourfold overexpression of
S100A4 mRNA (MYU-C6 and -C2) produced tumors in
100% of rats with similar latent periods to the parental cell
line. Again, no metastases were detected in any organ
examined (Table 2).

Two cell lines transfected with pSV2neo-S100A4 with
at least fourfold elevated expression of S100A4 mRNA
(MYU-C7 and -C14) also produced tumors in 100% of
rats with similar latent periods and time to first hematuria
as seen in the parental cell line (Table 2). The tumors
produced by these cell lines stained more strongly and
consistently with antiserum to S100A4 than primary tu-

Figure 2. Morphology of MYU-3L and derivative cell lines. A: Parental
MYU-3L cells. B: MYU-3L cells transfected with pSV2neo-S100A4 (MYU-C14).
C: MYU-P cells from a primary tumor produced by MYU-3L cells. Original
magnifications, �100.
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mors produced by the parental, untransfected cells and
by the control MYU-plasmid cells (Table 1 and Figure 3, a
and b). The relative staining index for S100A4 protein in the
tumors was similar to that of the mRNA in the cell lines in vitro
(Table 1). Rats injected with these two sublines, which ex-
pressed the highest levels of S100A4 mRNA relative to the
parental cell line, developed metastatic lesions. In two rats,
metastatic lesions were detected in the para-aortic lymph
nodes, and in another two rats, metastatic lesions were
detected in the lungs (Table 2). The lung lesions were
micrometastases but were multifocal, with tumor cells being
present in both blood vessels and lymphatics. In the largest
micrometastases, the tumor emboli were beginning to ex-
travasate and infiltrate into the surrounding lung tissue (Fig-
ure 3c). The lymph node metastases were 245 and 172
mm3 in size, and had replaced the majority of the lymph
node (Figure 3d). Expression of S100AL protein was stron-
ger and more consistent in the metastases than in the
corresponding primary tumors (Table 3).

In Vitro Properties of MYU-3L Cells Transfected
with S100A4 DNA

The parental MYU-3L cells, control transfected cells, and
transfected cells overexpressing S100A4 had very similar

growth rates in vitro in medium containing 10% fetal bo-
vine serum with doubling times of �40 hours (Figure 4,
top). Malignant solid tumors often become refractory to
the anti-mitogen TGF-�. Therefore, we investigated the
effect of TGF-� on the growth rates of selected cell lines
(Figure 4, bottom). All of the cell lines were significantly
inhibited by 5 �g/ml of TGF-� (P � 0.05, t-test), and all of
the transfected cell lines were significantly inhibited, al-
though to a lesser extent, by 0.5 �g/ml of TGF-� (P �
0.05, t-test). In fact, the metastatic cell lines overexpress-
ing the highest levels of S100A4 showed the greatest
sensitivity to growth inhibition by 5 �g/ml of TGF-� (Figure
4, bottom).

Finally, we measured the ability of the transfected cells
to invade Matrigel and traverse a polyethylene terephtha-
late filter. The transfected cells overexpressing S100A4
by at least fourfold were significantly more able to tra-
verse a polyethylene terephthalate filter than the parental
cells, control cells transfected with plasmid alone, and
transfected cells overexpressing S100A4 by less than
threefold (Figure 5, top). Similarly, the cells overexpress-
ing S100A4 by at least fourfold were significantly more
invasive through Matrigel (Figure 5, bottom).

Discussion

In this report, we have validated an orthotopic model of
invasive bladder cancer, and have shown that overex-
pression of the calcium-binding protein S100A4 can in-
duce a low frequency of metastatic variants. An ortho-
topic model in immunocompetent animals has
advantages over models of bladder cancer that either
use immunodeficient rodents and/or assay for metastasis
by injecting tumor cells into subcutaneous sites. In an or-
thotopic, immunocompetent model, the influence of the im-
mune system, anatomical and paracrine factors of the tis-
sue of origin, which may profoundly influence the process of
metastasis, are appropriately modeled. In our study, the
technique of injection into the bladder wall was chosen

Table 3. Comparison of S100A4 Expression in Primary
Tumors and Metastases

Cells

Immunocytochemical
score of S100A4

expression in
primary*

Immunocytochemical
score of S100A4

expression in
metastasis*

MYU-C14 14.4 � 2.2 18.8 � 0.5
(lung met)

MYU-C7 7.8 � 1.2 17.2 � 0.5
(lymph node met)

*Ten fields from each slide were examined independently by two
observers for the number of carcinoma cells showing positive staining
and intensity of immunostaining (negative, 0; weak, 1; or strong 2), and
scored out of 20 using the formula: immunocytochemical score �
staining intensity � % of positive carcinoma cells/10.

Table 2. Incidence and Pathology of Tumors Produced by Orthotopic Injection of MYU-3L and Transfected Cells

Cells*
Tumor

incidence†

Time blood first
detected in urine,

range (days)
Latent period,
range (days)

Duration of
experiment,
range (days)

Incidence of
metastasis‡

Controls and cells with less than three-fold induction of S100A4 mRNA
MYU-3L (parent line) 15/15 20 (14–29) 22 (14–34) 42 (31–70) 0/15
MYU-P§ 9/10 11 (5–22) 13 (9–18) 41 (28–58) 0/9
MYU-plasmid¶ 12/12 25 (19–33) 23 (20–25) 43 (36–49) 0/12
MYU-C6 8/8 ND� 18 (11–24) 49 (39–57) 0/8
MYU-C2 6/6 17 (17–18) 19 (15–24) 36 (28–47) 0/6

Totals 50/51 16 (5–33) 20 (9–34) 42 (28–70) 0/50
Cells with at least 4-fold induction of S100A4 mRNA:

MYU-C7 8/8 25 (19–33) 22 (15–25) 44 (28–59) 2/8
MYU-C14 9/9 25 (12–35) 17 (12–22) 39 (31–51) 2/9

Totals 17/17 25 (12–35) 19 (12–25) 41 (28–59) 4/17**

*One to 2 � 106 cells injected into the bladder wall.
†No. of animals with tumors/no. of animals injected.
‡No. of animals with metastases/no. of animals with tumors.
§MYU-3L cells cultured from a nonmetastatic primary tumor and reinjected into a further group of animals.
¶MYU-3L cells transfected with pSV2neo plasmid vector alone.
�ND, not determined.
**Significantly more metastases than controls and cells with less than three-fold induction of S100A4 mRNA (P � 0.05; Fisher’s exact test).
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because intravesical instillation into the bladder can result in
a low frequency of tumor takes. When injected into the
bladder wall of immunocompetent rats, the MYU-3L cell line
reproducibly produces invasive tumors that are nonethe-
less stably nonmetastatic, even after passage in vivo. These
phenotypes are consistent with its behavior when injected
subcutaneously into nude mice21 or when instilled into rat
bladders heterotopically transplanted into nude mice.22

Moreover, transfection of nonspecific DNA such as a drug-
resistance plasmid, does not induce the metastatic pheno-
type per se, as in certain other experimental systems.25,26

Induction of the metastatic phenotype in this system is
related to the level of overexpression of S100A4. The two
clones of cells expressing the highest levels of S100A4
mRNA in vitro and protein in tumors in vivo produced meta-
static lesions, whereas clones of cells stably transfected
with the same plasmid that express levels of S100A4 mRNA
induced less than fourfold relative to the parental cell line
did not yield any metastatic tumors.

The relative level of S100A4 mRNA in vitro in the vari-
ous transfected cell lines is reflected by and large by the
S100A4 protein expression in the primary tumors in vivo,
at least as determined by immunocytochemistry. However,
the metastatic lesions express S100A4 more strongly and
consistently than the primary tumors from which they derive.
It is apparent that expression of S100A4 in the primary
tumors is heterogeneous, and that cells overexpressing

S100A4 may have a selective advantage for metastasis. A
similar observation has been reported in human colorectal
tumors, where expression of S100A4 was reported to be
higher in liver metastases than in the primary tumors from
the same patient.5 Expression of S100A4 has been shown
to induce the metastatic phenotype in previously nonmeta-
static rat mammary epithelial cell lines after injection into the
mammary fat pad5,8,9 and in previously nonmetastatic
transgenic mouse models of mammary tumorigenesis ex-
pressing MMTV-neu6 or of the GRS/A strain.7 The present
data demonstrate that S100A4 may directly confer meta-
static potential in a rodent model of bladder cancer. There-
fore, overexpression of S100A4 may represent a common
mechanism that favors the metastatic phenotype in multiple
solid cancers. However, because the relative frequency of
metastasis is quite low from apparently clonal cell lines, it is
probable that other genes, in addition to S100A4, have to be
selected for to induce metastasis, even to lymph nodes and
lungs, in this experimental system.

The major rate limiting steps in the development of
metastases in many tumor types are thought to be entry
into the circulation and establishment of macroscopic
secondary tumors once extravasation has occurred.27,28

In the current model of bladder cancer, S100A4 is able to
induce the formation of macroscopic metastases in
lymph nodes and micrometastases in the lungs, the larg-
est of which have breached the basement membrane

Figure 3. Immunocytochemistry of transfected cell tumors stained with antiserum to S100A4. a: MYU-plasmid primary tumor showing virtually no staining. b:
MYU-C14 primary tumor showing heterogeneous strong staining. c: Lung metastasis from the MYU-C14 primary tumor showing uniformly strong staining. Note
that the tumor cells have breached the basement membrane and are extravasating into the surrounding lung tissue. d: Lymph node metastasis from an MYU-C14
primary tumor showing heterogeneous strong staining. Original magnifications, �40.

698 Levett et al
AJP Fenruary 2002, Vol. 160, No. 2



and are beginning to extravasate. These metastatic le-
sions have never been observed in serial sections of the
same tissues in control rats, even after reinjection of cells
from the parental nonmetastatic tumors. Therefore, it
would seem that S100A4 is able to promote entry into, or
survival in, the circulation, and the development of mac-
roscopic secondary tumors in lymph nodes. It is not
known whether S100A4 is sufficient to give rise to mac-
roscopic secondary tumors in the lungs in this system
because the large size of the primary tumors necessi-
tated culling of the animals. However, in a transgenic
mouse model of breast cancer, S100A4 is able to pro-
mote the formation of macroscopic lung metastases.6

MMTV-neu transgenic mice develop mammary tumors
including carcinoma in situ, some of which give rise to
micrometastases in the lung confined within small pulmo-
nary blood vessels surrounded by intact vascular base-
ment membranes. When these transgenic mice were
mated with S100A4-expressing transgenic mice, macro-
scopic metastatic lesions developed in the lungs of the
bi-transgenic mice; these lesions constituted up to 24%
of the area of the lung sections.

It is unlikely that S100A4 can directly promote prolifer-
ation of tumor cells at the primary or secondary sites. In
our bladder cancer model, cells overexpressing S100A4
do not have an enhanced proliferation rate in vitro. More-
over, like the parental nonmetastatic cell line, they are
sensitive to growth inhibition by the anti-mitogen TGF-�.
Rather than affecting growth rates per se, it is more likely
that S100A4 can alter the properties of adhesion, migra-
tion, and invasion. Increases in these latter properties are

highly likely given that S100A4 can associate with the
cellular cytoskeleton.5 Clones of transfected MYU-3L
cells overexpressing S100A4 by at least fourfold have
enhanced abilities to migrate and invade Matrigel. More-
over, these cells possess a large number of plasma
membrane protrusions (lamellipodium extensions) that
are characteristic of motile cells. These phenotypes are
consistent with previous reports in other cellular systems
showing that S100A4-transfected mammary tumor cells
have enhanced motility,8,16 osteosarcoma cells trans-
fected with an anti-S100A4 ribozyme have reduced inva-
sive potential,11 and Lewis lung carcinoma cells trans-
fected with anti-sense S100A4 have reduced cell motility
and invasive potential.10 It has also been reported that
S100A4 can regulate the expression of the epithelial cell-
cell adhesion molecule E cadherin.17 However, there is
no evidence that differential expression of S100A4 can
affect adhesion to plastic substrata, at least in mouse mam-
mary cell lines (R. Jenkinson and P. S. Rudland, unpub-
lished observations). It is interesting to note that another
cytoskeletal-associated protein, RhoC, has also been
shown directly to induce metastasis in a mouse model of
melanoma.29 Rho proteins can regulate actomyosin-based
contractility and adhesion turnover. Like S100A4, this pro-
tein can also enhance invasive and migratory properties,
but does not alter growth rate.29 Taken together, these
results strongly suggest that regulation of the cytoskeleton
is a fundamental aspect in the biology of metastasis.

Figure 4. In vitro growth properties of MYU-3L and transfected cell lines.
Top: Doubling times. Bottom: Responses to various concentrations of
TGF-�. The data were generated using the MTT assay, as described in
Materials and Methods. Proliferative index (PI) is defined as absorbance at
540 nm in the presence of TGF-�/absorbance at 540 nm of control (no
TGF-�) � 100 � SEM.

Figure 5. In vitro migratory and invasive properties of MYU-3L and trans-
fected cell lines. Top: Migration through a polyethylene terephthalate filter.
Bottom: Invasion through Matrigel. Scale bars, SEM. *, Significantly greater
than MYU-3L cells or MYU-plasmid cells (P � 0.05, t-test).

Induction of Bladder Cancer Metastasis by S100A4 699
AJP Fenruary 2002, Vol. 160, No. 2



The present data, along with our findings that S100A4
is significantly associated with the development of me-
tastases and poor survival in human bladder cancer,
suggest that this protein plays an important role in the
metastasis of transitional cell carcinoma. The challenges
now are to determine whether deregulation of S100A4 is
a significant step in the metastasis of other solid cancers,
to determine the function of the protein, and evaluate the
potential of S100A4 as a target for systemic adjuvant
therapy in cancers of the bladder and breast.
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